Abstract-The signal processing community needs quantitative standardized tools to assess student learning in order to improve teaching methods and satisfy accreditation requirements. The Signals and Systems Concept Inventory (SSCI) is a 25-question multiple-choice exam designed to measure students' understanding of fundamental concepts taught in standard signals and systems curricula. When administered as a pre-and postcourse assessment, the SSCI measures the gain in conceptual understanding as a result of instruction. This paper summarizes the three-year development of this new assessment instrument and presents results obtained from testing with a pool of over 900 students from seven schools. Initial findings from the SSCI study show that students in traditional lecture courses master approximately 20% of the concepts they do not know prior to the start of the course. Other results highlight the most common student misconceptions and quantify the correlation between signals and systems and prerequisite courses.
T
EACHING fundamental concepts is a stated goal of many undergraduate signals and systems courses, but the exams used to evaluate student performance often emphasize problem solving rather than conceptual understanding. A responsible assessment plan should include evaluations of both problem-solving skills and conceptual understanding based on a variety of qualitative and quantitative measurements. Overreliance on any single assessment instrument may produce a distorted perception of students' learning. Accreditation standards place increasing pressure on instructors to provide quantitative evidence of student learning. Among quantitative assessment techniques, standardized exams offer a particularly powerful tool since they allow comparisons across semesters, instructors, and schools in a manner that individual instructor's exams do not. To date, the signals and systems community has published little research on standardized exams or conceptual learning. In contrast, the physics community has examined conceptual assessment in some depth, producing thought-provoking results.
Hake compiled a survey of over 6000 students in Newtonian physics courses and found that the students educated using traditional lecture methods learned about 25% of the concepts that they did not know at the start of the course [1] . The survey quantified the change in the students' conceptual understanding using the Force Concept Inventory (FCI) during the first and last week of the course. The FCI, developed by Hestenes et al. [2] , is a multiple-choice exam emphasizing conceptual understanding over mathematical manipulation. The incorrect answers on the FCI are designed to capture common misconceptions about Newtonian physics. Since Hake's survey included a diverse group of schools, his conclusion that students gain relatively little conceptual understanding from traditional lecture instruction appears to be robust to variations in student populations and instructor experience. Interestingly, Hake found that interactive and collaborative classroom formats generally led to greater improvement in conceptual understanding than lecture classroom formats. The survey also indicated that improved conceptual understanding correlates positively with improved problem-solving skills as measured by the Mechanics Baseline Test [3] . In contrast, other instructors, such as Mazur, found that students who performed well in classes oriented toward problem solving did not necessarily do well on conceptually oriented questions [4] . This discovery suggests that these students were relying on problem-solving strategies that did not allow them to generalize the underlying concepts from the specific problems solved.
Hake's compelling results prompted speculation on the effectiveness of instruction in undergraduate signals and systems courses. To perform similar measurements, the authors developed the Signals and Systems Concept Inventory (SSCI), an exam that tests the core concepts of signals and systems in a manner analogous to the FCI. This paper describes the design of the SSCI and its testing with a pool of more than 900 students at seven campuses over a three-year period. Both continuous-time (CT) and discrete-time (DT) versions of the SSCI are available, each consisting of 25 multiple-choice questions. Like the FCI, the exam emphasizes conceptual understanding over problem-solving mechanics, and the problems are designed so that the wrong answers embody common student misconceptions. If the students understand the concept being tested, they are able to select the correct answer with little or no computation. Alternatively, if the students do not understand the concept, the problem statement gives them little or no quantitative data to plug into memorized formulas.
In addition to supporting inquiries into the impact of classroom format on conceptual understanding in signals and systems, the SSCI facilitates the pooling of results among schools in larger pedagogical studies on conceptual understanding. For 0018-9359/$20.00 © 2005 IEEE instance, the SSCI might be used to evaluate the relative benefits of teaching DT signals and systems before or after CT signals and systems, as debated in [5] and [6] . Finally, the SSCI can serve as one component of an assessment strategy to satisfy the recently adopted Accreditation Board for Engineering and Technology (ABET) criteria [7] .
The remainder of this paper describes the SSCI and initial results from using it in signal processing and signals and systems courses. Section I presents the design criteria and core concepts for the SSCI, summarizing the three-year design process that culminated in the current versions of the exams. Section II provides an overview of the initial research study. Detailed results are presented in Section III, including findings on the most persistent student misconceptions observed in the study pool. Section IV contains a discussion of future directions for the SSCI and an invitation for instructors to join the ongoing study.
I. EXAM DESIGN
With funding from the National Science Foundation (NSF), the Foundation Coalition sponsored the development of the SSCI and several other concept inventories in engineering subjects [8] . Work began on these inventories in fall 2000. Assessment instruments require careful design and extensive testing. Prior to the research study described in Section II, responses to the first version of the SSCI questions from over 300 students were analyzed. This section describes the SSCI's alpha-testing phase and highlights important design issues. Specifically, Section I-A gives an overview of the development timeline and describes the alpha-testing protocol for the exams. Section I-B outlines the concepts assessed by the SSCI exams. Then, Section I-C discusses four key issues in the design of conceptual signals and systems questions. Section I-D illustrates how these question design strategies are implemented by showing sample questions from the exams.
A. Development Cycle
The CT and DT versions of the SSCI were developed largely in parallel, though the DT version lagged the CT version by about six months. Development of the CT version of the SSCI began in late 2000, resulting in an initial draft in January 2001. Version 1.0 of the CT-SSCI consisted of 30 multiple-choice questions on basic signals and systems topics. In spring 2001, 129 students at George Mason University (GMU), Fairfax, VA, and the University of Massachusetts Dartmouth (UMD), Dartmouth, MA, took the exam. The test population consisted of undergraduate and graduate students from signals and systems, signal processing, and communications courses. The middle column of Table I shows a breakdown of the CT-SSCI v1.0 test pool by course subject.
Using the CT exam as a model, a DT version of the SSCI was developed during spring 2001. An initial draft was obtained by writing DT versions of each of the 30 questions on version 1.0 of the CT-SSCI. As the CT exam questions were revised, similar revisions were made to their DT counterparts. Also, additional questions were written on concepts central to DT signals and systems that are not covered by the CT exam, such as sampling. From this pool of questions, 25 were selected for version 1.0 of the DT-SSCI. DT-SSCI v1.0 was completed in time to begin Table I , the test pool consisted of undergraduate and graduate students from DT signals and systems courses and digital signal processing (DSP) courses.
The alpha-testing phase for both exams had two primary goals: 1) to examine the clarity and appropriateness of the questions and 2) to investigate which alternate (distractor) answers were most attractive to the students. To facilitate the distractor analysis, students were asked to select from one of five prescribed choices for each question or to fill in a response of their own. This procedure allowed for the capture of novel distractors representing conceptual confusions unanticipated by the developers.
As reported in [9] and [10] , alpha testing of the CT-SSCI showed that the exam was too long and too difficult. Most students struggled to finish within the one-hour proposed time limit. The mean score was 29.5/100, and 87% of students scored below 40/100. Verbal requests for clarification of the exam questions were minimal, suggesting that the students thought the questions were clear, even if they could not answer them. Few students offered a response different from the five distractors given.
Based on the alpha-testing results, the CT and DT exams were revised by making several important changes. First, several questions that address the mathematical background knowledge required for the study of signals and systems were added. Second, the results of the distractor analysis were used to eliminate the least common alternate answers, resulting in four choices for each question. Finally, the total number of questions on each exam was reduced to 25 by focusing on the most central concepts. CT-SSCI v2.0 and DT-SSCI v2.0 were released in fall 2001 and fall 2002, respectively.
B. Conceptual Framework
Signals and systems is typically taught in the late sophomore or early junior year. Representative texts for this subject include the books by Oppenheim, Willsky with Nawab [11] and by Lathi [12] . As noted in the introduction, there are several ways to organize the signals and systems material. One approach is to present CT topics first, followed by DT topics; a second approach reverses that order; and a third approach presents CT and DT topics in parallel. Depending on the curriculum, signals and systems may be taught in one course or distributed over a sequence of courses.
Regardless of the pedagogical organization, introductory courses focus almost exclusively on linear time-invariant (LTI) systems, with the primary application being filtering. LTI analysis techniques, such as convolution and transforms, constitute much of the curriculum. Sampling is the key concept that links the continuous and discrete time domains. The study of all these topics requires a certain level of mathematical sophistication. At a minimum, students must be familiar with basic signals, such as sinusoids and unit step functions, and must be capable of simple signal manipulations, such as amplitude scaling, time shifting, and time reversal.
In designing the SSCI, the core concepts in signals and systems were grouped into six categories: background mathematical concepts, linearity and time invariance, convolution, transform representations, filtering, and sampling. Table II categorizes each of the 25 questions on the CT-SSCI and provides a brief description of the concept being tested. Table III presents analogous information for the DT-SSCI. Most of the CT questions have a DT counterpart; however, the DT exam includes two sampling-related questions and one background mathematics question not found on the CT exam. To make room for these questions and maintain a reasonable length (25 questions), the DT exam does not include questions on Bode plots or the modulation theorem. These topics are relatively less important in DT signals and systems than sampling.
C. Question Design
The goal of the SSCI is to assess conceptual understanding, rather than computational skills. In designing questions to probe the concepts outlined in the previous section, four main issues were considered: notational conventions, the relative merits of single-concept versus synthesis questions, presentation modality (whether questions are posed using words, figures, and/or equations), and the types of reasoning required to obtain the answers. The following paragraphs briefly discuss each of these issues, and Section I-D illustrates how these design decisions are reflected in the SSCI by presenting sample questions from the CT and DT exams.
In terms of notation, the most important variable is frequency. Some textbooks use radian frequency [11] , while others use hertz [13] . In developing the SSCI, the goal was to design an exam that could be used with either notational convention. The current version of the SSCI uses radian frequency; however, the distractors do not distinguish between radians and hertz. In other words, incorrectly scaling frequency by a factor of should never cause the student to pick the wrong answer. The SSCI denotes the CT Fourier transform by and the DT Fourier transform by , both consistent with notation used in the text by Oppenheim, Willsky, with Nawab [11] . The cover pages of the CT and DT exams clearly define these notational conventions. There is no intrinsic reason for the SSCI to use radian frequency, and future versions could easily be written using different notation.
The second issue considered in designing the SSCI was whether to include questions that probe multiple concepts. Single-concept questions have the advantage that they provide a clear measure of what a student does and does not understand. Questions involving multiple concepts are more difficult to interpret but need to be included because some core signals and systems topics inherently require the synthesis of several concepts. For example, to understand frequency-selective filtering, students must understand sinusoidal signals, LTI processing, TABLE III  DT-SSCI CONCEPT TABLEuestions are discussed further in a subsequent section (Section I-D). In addition to the filtering synthesis question, each of the SSCI exams has two other synthesis questions. The first of these deals with impulse responses, causality, and parallel and cascade system interconnections, and the second examines the concepts of linearity and time invariance. Referring to Tables II  and III, the questions requiring synthesis are 23, 24, and 25 on both the CT and DT exams. Students taking signals and systems are typically second-semester sophomores or juniors and should be expected to synthesize several concepts on a single question since they have already encountered some design-oriented problems in their curriculum.
The third design issue is the format used to present information in the question statements. The SSCI uses three modalities to convey information: words, figures, and equations. Twentyfour of the 25 questions on both the CT and DT exams use graphs, block diagrams, and other plots as a part of the question statement. Twelve of 25 questions on the CT exam and 13 of 25 questions on the DT exam use equations or other mathematical expressions. By design, the SSCI relies more heavily on figures than numbers because it emphasizes conceptual understanding over computation.
The fourth design issue concerns the type of reasoning required to answer the questions. SSCI questions are classified as requiring either "forward-" or "reverse-" reasoning skills. Forward-reasoning questions require students to process the information in the same fashion typically presented in class and textbooks, e.g., given an input and a system, they must find the output. Reverse-reasoning questions require students to process the information in a different fashion than typically presented, e.g., given the output and system, they must reason backward to find the input. Classroom experience suggests that students who do not understand a concept can often correctly answer a forward-reasoning question by rote but that they reveal their lack of understanding when they try to answer a reverse-reasoning version of that same question. Reverse-reasoning skills are important in engineering design, where the desired output is often known, but the system or input must be chosen. Questions 12, 15, and 16 on the CT-SSCI and Questions 7, 8, 14, and 17 on the DT-SSCI require reverse reasoning.
D. Sample Questions
To illustrate the exam design issues already discussed, this section presents sample questions from the CT and DT exams. For the CT exam, consider the four linked questions related to the topic of frequency-selective filtering. As previously mentioned, filtering is a concept that inherently requires students to synthesize several basic signals and systems concepts. Question 25, shown in Fig. 1 , illustrates this point. This question asks students to determine what happens to a signal containing two narrow-band sinusoidal pulses when it is processed by an LTI filter. The question gives a plot of the signal , its corresponding Fourier transform magnitude , and a plot of the frequency response magnitude of the filter. The filter has a low-pass characteristic and only passes the lower frequency pulse. To answer this question students must be able to do the following:
1) distinguish between high and low sinusoidal frequencies; 2) understand that LTI processing corresponds to a multiplication of transforms; 3) relate the time-and frequency-domain representations of a signal. One essential characteristic of a good conceptual question is a set of carefully designed distractors (alternate answers) that encompass common student misconceptions. The three distractors for Question 25 represent answers likely to be chosen by students who confuse high and low frequency or who misunderstand how the filtering process works, thinking that the filter does nothing or that it removes one pulse and scales the other.
Because Question 25 requires students to synthesize multiple concepts related to filtering, linking a specific distractor to a single misconception is not straightforward. For this reason, three basic questions were designed to explore the component concepts involved in frequency-selective filtering. The first of these is Question 1 shown in Fig. 2 . This question tests understanding of high versus low frequency. The distractors probe whether students confuse high frequency with high amplitude or large period.
The second of the basic linked filtering questions is shown in Fig. 3 . CT Question 6 considers the filtering of infinite-extent sinusoids using an LTI system. This question gives the frequency response magnitude and phase of a low-pass filter and asks students to determine the output when the input signal is a cosine. The distractors are designed to detect whether students ignore the magnitude response, ignore the phase response, or change the frequency of the cosine.
The third linked question, CT Question 7, shown in Fig. 4 , explores time-frequency relationships. This question shows students the time plot of one windowed sinusoidal pulse and its corresponding Fourier transform magnitude and then asks them to find the Fourier transform magnitude of a second, higher frequency pulse. The distractors indicate whether students asso- ciate faster oscillations in time with a shift to lower frequency, a shift to higher magnitude, or no shift at all.
In terms of presentation style, Questions 1, 6, 7, and 25 are typical of the questions on both the CT and DT exams. The SSCI uses a combination of words, figures, and equations in the question statements. CT Question 6, shown in Fig. 3 , is an example of using all three modalities. The question statement describes the system (input and output) both in words and with a block diagram. The frequency response is given as a plot of the magnitude and phase, and the answer choices are specified using mathematical expressions. All of the four linked questions require forward reasoning. Examples of reverse-reasoning questions are given in the following paragraphs.
As indicated in Section I-A, most of the questions on the DT version of the exam parallel those on the CT version. For example, the four linked questions discussed previously are also included on the DT-SSCI. There are three DT questions that have no CT counterparts. The first of these is Question 5, shown in Fig. 5 . This background mathematics question probes whether students understand that DT frequency is periodic with period . The question shows a plot of a signal and asks students to select the signal from among four alternatives. Distractors for this question include cosine signals with lower frequency, higher frequency, and a phase change of . The other questions with no CT counterparts are both related to sampling. Fig. 6 shows the first sampling question on the DT-SSCI. This question probes whether students understand the basic mechanics of the sampling process. They are told that the signal is sampled every seconds to produce the DT sequence shown in Fig. 6 (a) and asked to determine the value of . This example is a reverse-reasoning question since it requires students to determine a quantity that is typically one of the given quantities in homework problems. The distractors for this question allow students to choose the inverse of the plot width, the Nyquist rate, or the inverse of the period of the DT sequence.
The second sampling question on the DT-SSCI, shown in Fig. 7 , focuses on the Nyquist theorem. DT Question 8 asks students to determine which of the four sinusoids shown in the plot could be sampled at a rate of 5 Hz without aliasing. This question requires students to 1) understand the Nyquist sampling criteria and 2) determine the frequency of each sinusoid by reading the plots. The distractors are designed to detect the misconceptions that the sinusoidal frequency has to be higher than or identical to the sampling frequency in order for the signal to be sampled without aliasing. This example is another reverse-reasoning question because a typical question on the Nyquist theorem would ask students to determine the minimum required sampling frequency for a given signal. 
II. SSCI STUDY
The SSCI measures conceptual understanding of signals and systems topics. Similar to physical instruments, pedagogical tools require calibration. With the release of Version 2.0, a study was initiated to analyze the SSCI's performance as a research tool. This section describes the types of measurements that can be made with the SSCI, outlines the goals of the ongoing study, and summarizes the research protocol. Section II-C describes the pool of students who took Version 2.0 as a part of this study.
A. Types of Quantifiable Results
The SSCI allows instructors to obtain quantitative feedback on several pedagogical questions. When administered as a pretest and a posttest, a concept inventory can quantify how much students learn during a course [14] . For the pioneering physics research discussed in the introduction, Hake used normalized gain on the FCI as a metric for students' improvement in conceptual understanding [1] . Normalized gain is defined as post pre 100 pre (1) where the pretest and posttest values are the averages for the course computed using only the students who took both tests. Normalized gain represents the fraction of the available improvement in score that is achieved during the course. Another interpretation is that students learn 100 of the concepts that they did not know prior to the course.
In addition to measuring overall gain, the SSCI also facilitates a concept-by-concept analysis of student understanding. The difficulty index, defined as the percentage of students answering a question correctly, indicates which concepts are the hardest for students to master. Furthermore, analysis of the wrong answers chosen by students reveals the most common misconceptions. Persistent misconceptions are ones that are resistant to instruction. If a student chooses the same distractor on both the pretest and posttest, then the course did not alter the student's misconception.
Correlations between the SSCI data and other factors can provide additional insights about student learning. For example, the correlation between the SSCI posttest score and course grade is a measure of how much the course emphasizes conceptual learning. The correlation between gain on the SSCI and grades in prerequisite courses, such as differential equations or circuits, indicates how much students' prior academic preparation affects their ability to learn signals and systems concepts.
B. Study Goals and Research Protocol
The SSCI research study, which began in fall 2001, has three primary goals:
1) to establish a baseline for the gain statistic on the exam, similar to Hake's results for the FCI [1] ; 2) to characterize common misconceptions about signals and systems; 3) to examine the extent to which previous academic performance is a predictor of success on the SSCI exam. In addition to addressing these goals, the study is gathering data for continued refinement of the test questions and for a future investigation of performance as a function of race and gender.
The research protocol for the SSCI study offers three levels of participation. For Level 1 participation, instructors submit the pretest and posttest mean and variance for their course, along with the instructor survey. Level 2 participation is quite similar to Level 1, except that instructors submit statistics computed using only the cohort of students who take both the pretest and the posttest. Level 3 is full participation, which consists of submitting the pretest and posttest answer sheets along with demographic and academic data for each student. Acquiring and submitting the demographic and academic data typically requires approval from the university's Human Subjects Research Review Board and student consent forms. Additional information about the SSCI research protocol, including guidelines for administering the exam, is available on the SSCI website: http://signals-and-systems.org
C. Study Participants
Over a three-year period of development and revision, the SSCI study has tested over 900 students at seven campuses. A total of 317 students from GMU, MIT, and UMD participated in the alpha-testing discussed in Section I. The remainder took Version 2 of the SSCI as a part of the ongoing study.
Four schools chose Level 3 participation: GMU, UMD, the U.S. Air Force Academy (USAFA), and the U.S. Naval Academy (USNA). A total of 292 students from these four schools took the CT-SSCI in their first signals and systems course. In addition, 76 students from GMU and UMD took the DT-SSCI in a DT signals and systems course following the CT course. Table IV summarizes the curricular context of these   TABLE IV  CURRICULAR CONTEXTS OF COURSES IN THE SSCI LEVEL 3 STUDY courses. Performance-based incentives, such as homework bonus points, encouraged students to give their best effort on the SSCI. Most of the results in the following section are from the analysis of this Level 3 data.
Two schools opted for Level 2 participation in the fSSCI study. Old Dominion University (ODU), Norfolk, VA, and the Rose-Hulman Institute of Technology (RHIT), Terre Haute, IN, submitted course averages and standard deviations for use in gain analysis. GMU, UMD, and USAFA also provided pretest and posttest statistics for several courses for which no academic and demographic data were available. In total, 225 students from signals and systems and DSP courses took either the CT or DT SSCI as Level 2 participants.
III. RESULTS AND DISCUSSION
This section presents the initial findings from the SSCI study. Section III-A describes the normalized gain results, which are strikingly similar to those obtained from the FCI analysis. Sections III-B and III-C discuss common misconceptions revealed by the CT-SSCI and DT-SSCI, respectively. The section concludes with a correlation analysis.
A. Gain
Initial results from the SSCI study indicate that the gain achieved by signals and systems students is consistent with the results of concept inventory studies done by the physics community. Hake's survey of over 6000 physics students [1] found that traditional lecture format courses produce substantially lower gains than courses that use "interactive engagement" (IE) techniques. Specifically, Hake reported that 14 traditional lecture courses achieved normalized gain , while 48 IE courses achieved . Hake defines IE methods as those promoting "conceptual understanding through interactive engagement of students in heads-on (always) and hands-on (usually) activities which yield immediate feedback through discussion with peers and/or instructors" [1] . (See [15] for a description of IE methods in signal processing courses.)
Of the 20 signals and systems courses included in the SSCI study, 15 are classified as traditional lecture and five as IE. The 15 lecture format courses achieved a normalized gain of , while the interactive courses achieved a substantially higher gain of . Although the SSCI data set is smaller than Hake's FCI data set (approximately 600 versus 6000 students), there are remarkable similarities. First, the gain for lecture courses is almost the same. Second, the larger average gain for IE courses supports the idea that these methods result in greater conceptual learning, although the small number of IE courses in the SSCI study precludes strong conclusions. Fig. 8 presents the gain results using the same format as Hake [1] . The figure shows raw gain (post-pre) plotted versus the pretest score. Using these axes, lines of constant radiate from the lower right corner with a constant slope. Hake defined the three gain regions noted on the plot. For the FCI survey, all traditional lecture courses fall in the low-gain region; most IE courses fall in the medium-gain region; and no courses lie in the high-gain region. Fig. 8 shows the results for the 20 signals and systems courses already mentioned, as well as two DSP courses, one undergraduate and one graduate. Similar to Hake's FCI results, no course falls into the high-gain region. The five IE courses are in the medium-gain region, and most traditional courses fall in the low-gain region. This format provides more insight into the starting point of each course, e.g., Fig. 8 shows that the graduate DSP course has a substantially higher pretest score compared with the undergraduate signals and systems courses. Given that graduate students have substantially more experience with the concepts assessed by the SSCI, this result is reasonable.
Additional insight can be gained by considering the results from the CT and DT SSCIs separately. The remainder of this section focuses on data from the Level 3 schools participating in the study. Table V shows the pretest, posttest, and gain statistics for the 292 students who took of CT-SSCI Version 2.0. Note that the gain statistics in the table are derived from the normalized gains of individual students, whereas the gains discussed in the pre- vious section are derived from the pretest and posttest averages for a course. The histograms in Fig. 9 show a unimodal distribution of scores for the both the pretests and posttests.
B. CT-SSCI Analysis
Analyzing the CT-SSCI data in terms of subtests reveals useful information about students' pretest knowledge and the raw gain between pretest and posttest. As discussed in Section I, the 25 questions on the CT-SSCI fall into five categories: background mathematics, linearity and time invariance, convolution, transforms, and filtering. Each category has one subtest, and questions that fall into more than one category, as indicated by Table II , are only included in the subtest for the first category listed in the table. Fig. 10 shows the subtest results for the CT-SSCI pretest and posttest. The total length of each bar indicates the number of questions in the subtest, and the shaded portion depicts the average number of questions answered correctly.
For the pretest, Fig. 10 shows that, on average, students get three out of five of the background questions correct. Performance on the other subtests is substantially worse, as is expected since students typically have little knowledge of topics such as convolution and filtering prior to taking a signals and systems course. According to the CT-SSCI statistics in Table V , the pretest and posttest means differ by approximately 12 points. The subtest results in Fig. 10 indicate that two categories account for most of this gain. On average, the students improve by one question (four points) on the background subtest and 1.5 questions (six points) on the transform subtest.
The difficulty index provides further insights into student performance. Fig. 11 shows the difficulty index for CT-SSCI. The dashed line at 25% is the expected result for random guessing with four possible answers. Some observations about Fig. 11 follow.
• Note that students score well below chance on Questions 8, 15, 19, and 20 on the pretest. Questions 8 and 15 both involve convolution, a concept most students have not seen prior their first signals and systems course. The correct answer probably looks unusual; thus, they choose one of the distractors that looks more "reasonable." Questions 19 and 20 both test pole-zero plot concepts with which students are also unlikely to be familiar.
• Results for the background math questions, particularly 3 and 4, show substantial improvement between the pretest and posttest. This improvement is probably a result of the extensive practice students get using these math skills in any signals and systems course. Other questions with large pretest/posttest gains are Question 11 (amplitude modulation) and Question 17 (identifying pole-zero plots corresponding to causal, stable systems).
• On the posttest, only 40% of students answer the simplest convolution question (Question 8) correctly. While this result represents a large pretest/posttest gain, it is disappointing that so many students do not demonstrate a clear understanding of this important concept. • Interestingly, the results for Question 18 are worse for the posttest than for the pretest. The pretest results for this question are consistent with random guessing, whereas the posttest results are below chance because many students choose an answer that is partially correct. This question asks which pole-zero plot corresponds to a real . Students pick the distractor that has all poles and zeros on the real axis, forgetting that complex conjugate poles and zeros can lead to a real . • As discussed in Section I-D, Questions 1, 6, 7, and 25 are the "linked" questions about filtering. Fig. 11 shows that students performed well on Questions 1 and 6. Performance on Question 7 (time/frequency relationships) appears to be the limiting factor for performance on Question 25 (filtering of pulses). On the posttest, 44% of students answered Question 7 correctly, and 41% answered Question 25 correctly. In addition to providing the difficulty index, analysis of the CT-SSCI data set also highlights persistent misconceptions. Persistent misconceptions are defined as those wrong answers chosen on both the pretest and the posttest more often than predicted by chance. Since each SSCI question has four possible answers, there is a 1/16 chance that a student will randomly guess the same answer on both the pretest and the posttest. Determining the significance threshold for persistence is straightforward. Thirteen distractors on the CT-SSCI are significantly persistent [16] . The three most persistent distractors are discussed below.
• Question 18 has the most persistent distractor on the CT-SSCI. A total of 39% of students choose the answer (on both the pretest and the posttest) that indicates they believe only systems with real poles and zeros can have real impulse responses. They reject the correct answer that includes systems with complex conjugate poles and zeros.
• Question 15, on the topic of modulation, has the second most persistent distractor on the CT-SSCI. A total of 25% of students selected an answer that indicates they think multiplication in the time domain corresponds to multiplication in the frequency domain, rather than convolution.
• Question 20, which probes the relationship between polezero plots and frequency responses, has the third most persistent distractor. When asked which pole-zero plot corresponds to a frequency response with two resonant peaks, 21% of students chose the answer with one pole in the left-half plane and one in the right-half plane. This choice is consistent with students mistakenly reversing the roles of the real and imaginary axes of the pole-zero plot. Knowledge of these persistent misconceptions can guide the preparation of exercises to help students discover and correct them.
C. DT-SSCI Analysis
Table VI gives the overall statistics for the DT exam, and Fig. 12 shows the pretest and posttest histograms. Similar to the CT results, the gain data in Table VI is an average over individual students, not courses. The pretest and posttest means for the DT-SSCI are comparable to those measured for the CT-SSCI. The DT posttest histogram indicates two separate groups of students, one centered around a score of 45, the other with scores around 75. This bimodal distribution has two likely explanations. One explanation is that 30% of the students in the DT data set were from IE courses. Nine of 11 students with posttest scores in the 75/100 bin were in the IE class. The second possible explanation is that the sample size for the DT-SSCI is much smaller than for the CT-SSCI. Fig. 13 shows the subtest scores for the DT-SSCI. There are six subtests for the DT exam, the five defined for the CT exam, plus a sixth category for sampling. Again no question is included in more than one subtest category. Similar to the CT-SSCI, the largest nonnormalized pretest/posttest gains were in background and in transform analysis. Students did not improve nearly as much in the other categories. Fig. 14 shows the difficulty index for the DT-SSCI. As in Fig. 11 , the dashed line is at 25%. Observations about Fig. 14 follow.
• Determining which signal has the highest frequency (Question 1) appears to be harder in DT than CT, implying that students have difficulty interpreting sampled signals. On the pretest, this may be a result of unfamil- iarity, but the lack of gain for this basic question on the posttest is troubling.
• On the pretest, students score well below chance on Questions 11, 15, and 18-20.
-Question 11 is the convolution question. Since all the students in the DT-SSCI study had a CT course prior to the DT course, it is surprising that they did not bring more intuition about convolution from the CT domain to the DT domain. -Question 15 is a DT Fourier series question, and it is not obvious why students performed so poorly on this question on the pretest. The question shows a plot of a periodic square-wave signal and asks which of four possible analytical forms could represent the signal. The distractor answers for this question do not probe for confusion between CT Fourier series (infinite sum) and DT Fourier series (finite sum); thus, the DT/CT confusion cannot explain the "below chance" performance on this question. -Questions 18-20 are pole-zero plot questions. Since DT pole-zero plots on the plane have a different interpretation from CT pole-zero plots on the plane, students' knowledge from a prior CT course did not help them much and may in fact have misled them. For instance, Question 18 asks which pole-zero plots could correspond to stable, causal systems. On the pretest, 38% of students chose the answer with poles in the left-half plane, presumably based on their intuition about CT pole-zero plots.
• Question 18, which asks about pole-zero plots for causal stable systems, has the largest pretest/posttest gain on the DT-SSCI. On the pretest, only 17% of students answered this question correctly, compared with 67% on the posttest. The DT exam results also reveal persistent misconceptions. Eight distractors are significantly persistent at the level. The top three of these are described hereafter.
• The most persistent distractor on the DT-SSCI is the same as the most persistent distractor on the CT-SSCI. For Question 19, 29% of students chose the answer that indicates they think real impulse responses require real poles and zeros, neglecting the possibility of complex conjugate pole and/or zero pairs. • Question 7 (Fig. 6 ) has the second most persistent distractor. Twenty-eight percent of students persistently chose distractor c, indicating that they think the sampling period is the inverse of the number of samples contained in one period of the DT signal.
• One of the distractors on Question 12 is tied for the second most persistent distractor, with 28% of the students selecting an answer indicating that they believe convolution in the time domain corresponds to convolution in the frequency domain. This misconception is not persistent on the CT exam, probably because students in the study pool had no knowledge of convolution prior to the CT course, whereas the pool of DT students had a CT course as a prerequisite. Again, instructors can use this data on persistent misconceptions to plan their syllabi and assignments appropriately.
D. Performance Predictors
As discussed in Section II-A, the SSCI correlation statistics can provide valuable insights. Tables VII and VIII show the CT and DT correlation results, respectively. The table indicates the number of students used for each correlation calculation. is not always equal to the size of the study pool since academic data, such as grades in prerequisite courses, are not available for every student. Fig. 15 shows scatter plots associated with several of the CT correlation statistics. Observations about these results follow. A threshold is used to determine which correlations are significant.
First, consider the correlation between the course grade and SSCI posttest and gain. The CT and DT course grades in Ta- bles VII and VIII are denoted by CTSS and DTSS, respectively. As the tables indicate, the SSCI posttest score is strongly positively correlated with the course grade (on a four-point scale), showing correlations of 0.41 and 0.46 for CT and DT, respectively. Fig. 15 shows the scatter plot for this CT result. SSCI gain is also positively correlated with the course grade ( 0.29 for CT and 0.43 for DT). These results suggest that conceptual understanding is one pedagogical goal of these courses. Measurements of this type taken over several semesters could be part of an assessment strategy to evaluate whether the signals and systems curriculum achieves the goal of increased conceptual understanding.
In an unpublished memo on concept inventory analysis [17] , Hake suggests calculating the correlation coefficient between the pretest score and the gain for individual students. Table VII shows a statistically significant negative correlation of 0.36 between the CT-SSCI pretest and gain. The scatter plot in Fig. 15 clearly illustrates this negative correlation. Hake interprets a negative correlation coefficient as evidence that "the instruction favors students who have less prior knowledge of the subject as judged by the pretest score" [17] . The correlation between the DT-SSCI pretest and gain shown in Table VIII is not statistically significant.
Correlation analysis also reveals the connection between students' academic background and their performance on the SSCI. A significant positive correlation exists between GPA and posttest score for both CT and DT exams. Gain on the CT exam is also significantly positively correlated with GPA. These results are not surprising since better students (as indicated by GPA) would be expected to learn and retain more signals and systems concepts and thus perform better on the posttest.
Students' ability to learn signals and systems depends critically on their understanding of prerequisite courses. Correlating SSCI scores with students' grades in prerequisites, such as calculus, differential equations, and circuits, indicates which of these courses are the strongest predictors of success in signals and systems. The calculus grades used for this correlation are the numerical average over all calculus grades available for each student. For the CT-SSCI pretest, the only significant correlation is with circuits corr . None of the three (calculus, differential equations, and circuits) are significantly correlated with the DT-SSCI pretest.
There is a significant positive correlation between CT-SSCI gain and both calculus corr and differential equations corr . This correlation strongly suggests that better mathematical preparation improves students' ability to learn signals and systems. The only significant correlation in the DT-SSCI gain data is between differential equations and gain ( 0.32). Given that DT signals and systems relies on difference equations rather than differential equations, this result is somewhat surprising. One possibility is that a strong grade in a differential equations course is an indicator of mathematical maturity and that these students easily acquire an understanding of DT concepts.
Since all students in the DT-SSCI study pool had a CT signals and systems course as a prerequisite, it is interesting to consider the correlation between the CT signals and systems grade and performance on the DT-SSCI. Table VIII indicates statistically significant correlations of 0.31 and 0.34 between CT course grade and the DT-SSCI pretest and posttest, respectively. It is not surprising that students' experience with CT signals and systems would influence their performance on the DT-SSCI exam. (See [16] for further analysis of the relationship between CT-SSCI scores and DT-SSCI scores for a small group of students who took both exams.) In future work, this analysis will be extended to include students who take a DT course prior to a CT course.
Correlation analyses using the SSCI can provide useful feedback about curricular issues, such as the role of prerequisite courses in preparing students for signals and systems and the relationship between CT and DT courses. Correlating SSCI scores with signals and systems course grades examines whether the course emphasizes conceptual understanding. All of these analyses can form valuable components of a departmental assessment strategy for accreditation.
IV. CONCLUSION
This paper describes the development of a new assessment instrument for signals and systems. The Signals and Systems Concept Inventory (SSCI) provides instructors with a quantitative measure of students' understanding of fundamental concepts and facilitates pregain/postgain analysis. Since 2001, over 900 students from seven schools have taken either the continuous-time (CT) or the discrete-time (DT) version of the inventory. To date, the most striking outcome of the SSCI research study is the normalized gain analysis showing that students in traditional lecture courses master (on average) only 20% of the concepts they do not know prior to the start of the course. The five interactive engagement courses in the SSCI study exhibit substantially higher gains. Both results are consistent with Hake's Force Concept Inventory (FCI) survey, suggesting that the dependence of gain on pedagogical format may hold for subjects other than physics. This paper also presented a method of measuring persistent misconceptions using the SSCI. Finally, the correlation analysis showed that the SSCI is a useful tool for determining which prerequisite courses are critical for success in conceptual understanding of signals and systems.
The initial findings of this study merit further research because of their potentially far-reaching implications for curriculum development. In particular, the gain results suggest that interactive engagement methods can substantially improve students' conceptual understanding. If future data consistently indicate that interactive engagement pedagogical formats strengthen students' understanding, the signal processing community has a professional responsibility to consider revising curricula and courses to adopt these methods. Reference [15] presents some initial experiences with incorporating IE techniques in signals and systems courses. Although the gain results appear robust over a variety of curricula and schools, the results on persistent misconceptions and performance predictors are intended as suggestive rather than definitive. Instructors are encouraged to assess for themselves which misconceptions are most persistent for their students and which prerequisites are most important for their courses.
The SSCI research study is ongoing. For further information, see the website http://signals-and-systems.org. Signals and systems instructors are strongly encouraged to administer the SSCI as a pretest and posttest in their courses and contribute their data to the study. The website contains a copy of the research protocol, an instructor survey, and password-protected copies of the exams. To obtain access to the password-protected section of the website, contact Kathleen Wage (e-mail: k.e.wage@ieee.org) or John Buck (e-mail: johnbuck@ieee.org).
